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We present an EXAFS study of the Mn atomic environment in Mn-doped GaAs nanowires. Mn
doping has been obtained either via the diffusion of the Mn used as seed for the nanowire growth or
by providing Mn during the growth of Au-induced wires. As a general finding, we observe that Mn
forms chemical bonds with As but is not incorporated in a substitutional site. In Mn-induced GaAs
wires, Mn is mostly found bonded to As in a rather disordered environment and with a stretched
bond length, reminiscent of that exhibited by MnAs phases. In Au-seeded nanowires, along with
stretched Mn-As coordination we have found the presence of Mn in a Mn-Au intermetallic compound.
PACS numbers: 75.50.Pp, 61.72.Vv, 61.10.Ht
I. INTRODUCTION
One of the most promising techniques for the real-
ization of nano-sized electronic devices is the so-called
bottom-up approach. With this technique, self-assembly
at the atomic level is exploited to produce nanometer-
size objects. Examples of the bottom-up approach to
the fabrication of nanostructures include semiconduc-
tor quantum dots, carbon nanotubes and semiconduc-
tor nanowires (NWs). NWs have revealed to be effective
in the realization of biochemical sensors1, light-emitting
diodes2, single-electron transistors3 or solar cells4. The
fabrication of NWs generally occurs via the use of a metal
nanoparticle (NP), typically Au, which induces and dic-
tates the growth. The vapor-liquid-solid (VLS) model,
initially proposed in the 1960s to produce µm-sized Si
“whiskers”5 and later justified thermodynamically and
kinetically6, is generally used to rationalize the growth
mechanism. In this model, the metal NP is heated above
the eutectic temperature for the metal–semiconductor al-
loy system and is exposed to a flux of the semiconduc-
tor in the vapor phase, producing a liquid nanoparti-
cle droplet. When the concentration of semiconductor
atoms increases above saturation, the semiconductor pre-
cipitates and a solid semiconductor NW nucleates at the
liquid-solid interface.
This technique could in principle be used for the pro-
duction of 1-dimensional magnetic semiconductors. A
possible way to realize this class of materials is to dis-
perse a modest concentration (typically 1-5 %) of the
magnetic species (Mn, Fe, Co) in the semiconductor ma-
trix giving rise to the so-called dilute magnetic semi-
conductors (DMS)7. Ideally, the magnetic ions should
occupy substitutional sites in the semiconductor lattice
and give rise to the crystal magnetic properties. A key
issue for these materiasl is their limited Curie Tempera-
ture (maximum reported values are 172 K for bulk p-type
delta-doped GaAs:Mn8 and 250 K in specially designed
heterostructures9,10) but if it has been shown that room
temperature ferromagnetism could be obtained in wide
gap hosts (ZnO or GaN)11. It is important to note that
ferromagnetism can also be observed if ferromagnetic pre-
cipitates are present in the material but this does not
qualify as a true DMS, of course. On the experimental
side, the site of Mn in GaAs has been studied by ion
channelling techniques (especially proton-induced x-ray
emission, PIXE) and by the extended x-ray absorption
fine structure (EXAFS). Using PIXE, the presence of up
to 15 % of Mn in interstitial sites has been detected in
GaMnAs alloys12,13, possibly in the close vicinity to Mn
in substitutional sites.
The combination of the two research fields - NWs and
DMSs - opens the possibility to envisage 1D spintron-
ics. Attempts to dope semiconductor nanowires with Mn
have been reported for GaAs14–17, ZnO18,19, GaN20–22;
whereas a number of II-VI and III-V materials are re-
ported having been doped with Mn in a chemical vapour
deposition reactor23. In all these reports, Mn doping of
the semiconductor material is provided by supplying Mn
precursors during the growth or by post-growth ion im-
plantation.
An alternative method to deposit GaAs NWs using Mn as
a growth seed in molecular beam epitaxy (MBE) growth
has been reported by our group24. It was found that the
wires had a wurtzite (WZ) structure and both EXAFS
and transport measurements suggested that Mn atoms
actually diffuse into the NWs where they act as dopants.
A further study25 was carried out on Mn-induced InAs
wires in which morphological investigations showed the
effectiveness of this metal in forming wires. In this case
the structural study of the Mn environment by EXAFS
evidenced the formation of MnAs precipitates.
2It is clear from the above that a characterization and
a physical understanding of the local structure of Mn
in (GaMn)As NWs is of great importance. In the wire
growth induced by Mn NPs, two main questions arise:
the degree of substitutional incorporation of Mn in the
NW lattice and/or whether Mn - defective structures are
formed. In this framework, EXAFS can play a decisive
role26. The advantages of this technique in the present
context are the chemical selectivity, the high resolution
in the determination of the local structure and the appli-
cability both to ordered and disordered atomic arrange-
ments. It is worthwhile to mention some previous EX-
AFS work on related systems. Soo et al.27,28, have stud-
ied Mn/GaAs digital alloys. They found that in sam-
ples deposited at the low temperature of 275 ◦C, Mn
substitutes Ga and locally forms a GaMnAs alloy; upon
annealing, a noticeable decrease of the first shell coor-
dination number coupled to an increase of the first shell
radius was found and the authors suggested that this was
due to initial stages of precipitation of a MnAs phase.
Later, by combining EXAFS with X-ray magnetic cir-
cular dichroism (XMCD) to study the same system, the
same group29 found that a high ferromagnetic alignment
of the Mn atoms is linked to a local structure exclusively
composed of substitutional Mn in the Ga sites, as in a
random (GaMn)As alloy. More recently, some of us30
have studied a series of Mn δ-doped GaAs samples, de-
posited at growth temperatures in the range 300 ◦C - 450
◦C. In low temperature samples, Mn was confirmed to be
substitutional to Ga. This study illustrates the ability of
EXAFS to detect relatively small fractions of defective
site and to measure their local structure quantitatively.
In this paper, we report a detailed study using EXAFS
of the local structure of Mn in GaAs NWs grown us-
ing Mn seeds, following up and extending our previous
reports24,25. In the case of Mn-induced GaAs NWs we
will report more detailed studies with respect to the pre-
liminary study, with the investigation of samples grown
under different conditions. Moreover, particular care has
been taken to reduce contributions to the signal com-
ing by post-growth oxidized parts of the NWs. As an
interesting comparison we will also present data on Au-
induced GaAs NWs that have been doped with Mn dur-
ing the MBE growth.
II. EXPERIMENTAL
A. Sample Preparation and EXAFS measurements
GaAs NWs have been grown by molecular beam epi-
taxy on SiO2 substrates. Before the NW growth, a thin
film of Mn or Au was deposited on the substrates at
room temperature in a metallization chamber, connected
in ultra-high vacuum with the growth chamber. For
all GaAs NW samples, an equivalent two-dimensional
growth rate of 1 µm/h has been used with a V/III beam-
equivalent-pressure ratio (BEPR) of 15. Sample growth
was terminated by keeping As overpressure on the sam-
ples during cooling down. Two types of NWs were stud-
ied as a function of growth temperature, nature of the
seeding nanoparticle and doping. Samples E650, E651,
E672 and E652 were grown using 5 monolayers (ML) of
Mn (≈ 1nm) at growth temperatures 540 ◦C, 580 ◦C, 610
◦C and 620 ◦C, respectively, and the growth was carried
out for 30 minutes. Samples E656 and E697 were grown
for 30’ at 540 ◦C and 580 ◦C, respectively, using 5ML
(≈ 1nm) of Au and were doped during the growth with
Mn, using an effusion cell. The Mn deposition rates were
4×1012at/cm2/s in case of sample E656 and roughly one
order of magnitude lower in case of sample E697. The
details of the preparation of the various samples are sum-
marized in Tab. I. The use of growth temperatures higher
than those typical for 2D GaAs:Mn layers is dictated by
the difficulties found in growing GaAs NWs in the tem-
perature range of 300-400 ◦C.
The morphology and the structural characterization of
Table I. Details of the sample preparation. The equivalent
thickness of the seed (Mn or Au) is in all cases 1 nm.
Sample Seed Metal Growth Growth
temperature (◦C) time (min)
E650 Mn 540 30
E651 Mn 580 30
E672 Mn 610 30
E652 Mn 620 30
E656 Au 540 30
E697 Au 580 30
similar nanowires can be found in24 and31 for Mn- and
Au- induced NWs respectively; a Scanning Electron Mi-
croscopy (SEM) picture is presented in Fig. 1 where
the formation of wires and ribbons is evident. Images
from samples grown in the given temperature range are
very similar thus suggesting a smooth dependence of the
growth rate on temperature.
EXAFS data at the Mn-K edge (6539 eV) have been col-
lected at the GILDA-CRG beamline operative at the Eu-
ropean Synchrotron Radiation Facility32. The monochro-
mator was equipped with a pair of Si(111) crystals and
was run in dynamically focusing mode33. Harmonic re-
jection was achieved by using a pair of Pd-coated mir-
rors with an energy cutoff of 19.5 keV. The intensity of
the incoming beam was measured with a N2 filled ion
chamber whereas the fluorescence signal from the Mn-
Kα line was measured with a 13 elements Hyper Purity
Germanium detector. Measurements were carried out at
T=10 K using a liquid He cryostat in order to minimize
the damping of the EXAFS signal originated from ther-
mal atomic vibrations. Two to four spectra per sample
were collected in order to improve the Signal-to-Noise ra-
tio. Prior each EXAFS measurement, the samples were
chemically etched in HF for 3 seconds to remove the ox-
ide layer, formed because of the exposure to air after the
growth, and then immediately loaded into the vacuum
3chamber.
Figure 1. SEM images of representative samples. (a) E650,
Mn-induced GaAs NWs; (b) E697, Au-induced and Mn-doped
GaAs NWs.
B. Extended X-ray Absorption Fine Structure data
EXAFS data were extracted from the raw absorption
spectra using the ATHENA code34 and were fitted in
R space with the ARTEMIS code34 using theoretically
calculated backscattering paths. The theoretical paths
were calculated with the FEFF8.4 code35 using model
clusters that will be described in the following sections.
1. Mn-induced GaAs nanowires
The background subtracted EXAFS data of Mn-
induced GaAs NWs are presented in Fig. 2 whereas the
related Fourier Transforms (FTs) are presented in Fig. 3.
The results of the quantitative analysis are presented in
Tab. II. In the EXAFS spectra of the GaAs samples only
a single-frequency oscillation is visible and in the related
FT there is only a dominating structured peak at R ≈ 2.2
A˚. This means that only coordinations with a first neigh-
bor can be detected and a considerable structural disor-
der prevents the detection of higher coordination shells.
Some GaAs samples present a shoulder at lower R values
in Fig. 3) that was interpreted as a contribution from a
surface oxide phase. In the analysis of these samples we
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Figure 2. EXAFS data of the samples of Mn-induced GaAs
(E650, E651, E672, and E652) nanowires obtained using Mn
as seed. The bar marks the scale of the vertical axis.
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Figure 3. Fourier Transforms of the data presented in Fig. 2
(lines) and best fit curves (dots). Data were transformed in
the interval k = [3.2-12.9] A˚ with a k2 weight and fitted in R
space in the interval 1.5-3.0 A˚. The bar marks the scale of the
vertical axis.
considered a model consisting in Mn-As bonds account-
ing for Mn in a Ga-substitutional site in the GaAs matrix
(GaMn, see
30) plus an oxide phase as already found in24.
In our previous report the oxide phase was much more
intense because no etching of the samples was carried
out prior EXAFS measurements. Contributions from
MnOx phases are reduced by this process althought not
completely eliminated. An issue about data interpreta-
tion could be the contribution of Mn-Mn bonds coming
from α-Mn in the wire tips, keeping in mind the similar
backscattering amplitude between As and Mn. However
this can ruled out because the fit of metallic Mn yields an
averageRMnMn = 2.69 A˚ , considerably longer respect to
the value in the wires. A futher argument on this aspect
will be given in the Discussion section.
4Table II. Results of the quantitative EXAFS analysis on the
Mn-induced GaAs wires. For the Mn-O bond a length of
about 2.16(3) A˚ was found with a coordination number de-
creasing from 0.6(4) to 0.0(4) for increasing growth tempera-
ture. From the sum of the ionic radii available in literature(
RMnO = 2.22 A˚
36 ) this can be interpreted as Mn2+ in a VI
coordinated environment.
Sample NAs RAs σ
2
As
A˚ *10−3A˚2
E650 2.0(3) 2.59(1) 5(1)
E651 3.2(3) 2.56(1) 8(1)
E672 2.4(3) 2.57(1) 6(1)
E652 3.2(3) 2.60(1) 9(1)
Table III. Results of the quantitative EXAFS analysis on the
Au-induced GaAs wires doped with Mn.
Sample NAs RAs σ
2
As NAu RAu σ
2
Au
A˚ *10−3A˚2 A˚ *10−3A˚2
E656 3.5(8) 2.56(1) 8(2) 0.8(6) 2.75(1) 0.5
E697 2.2(7) 2.58(1) 9(2) 3.1(5) 2.82(1) 5
MnAu37 - - - 8 2.79 -
2. Au-induced Mn-doped GaAs nanowires
The EXAFS signals of the samples belonging to this
class are shown in Fig.4 whereas the related FT are pre-
sented in Fig.5. Tab. III reports the results of the quan-
titative analysis. An oscillating signal, still present at
high k values (i.e. above k=10 A˚−1), is particularly well
evident in sample E656 (Fig.4) revealing the presence of
a heavy backscatterer around Mn. In the FT a double
peak is present in both samples in the region 2-3 A˚ and an
additional broad peak is present at about 5 A˚ in the E656
sample. In this case, we tested two models consisting of
Mn substitutional in GaAs plus i) Mn in a tetrahedral
interstitial site or ii) a cubic MnAu (Space group P M -3
M , lattice parameter a=3.222037) phase. The choice of
model i) was suggested by the fact that the interstitial
site in the GaAs structure could in principle give rise to
a double peak in the first shell, as evidenced in previous
studies30. However, model ii) best fitted the data; no-
tice that the broad peak in the region around 5 A˚ is well
reproduced by the collinear Mn-Au-Mn paths present in
the high R part of the cubic structure whereas it is re-
mains completely unexplained by model i). In sample
E697 the peak at 5.5 A˚ is not present, while the other
features are very similar to those exhibited by sample
E656. The local environment in this sample is similar,
with a greater disorder (both configurational and chem-
ical) than in sample E697.
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Figure 4. EXAFS data of the samples of Au-induced and
Mn-doped GaAs nanowires. The bar marks the scale of the
vertical axis.
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Figure 5. Fourier Transforms of the data presented in Fig. 4
(lines) and best fit curves (dots). Data were transformed in
the interval k = [3.0-14.4] A˚ with a k2 weight and fitted in R
space in the interval 1.2-5.5 A˚. The bar marks the scale of the
vertical axis.
III. DISCUSSION
We will first discuss whether the Mn EXAFS signal,
is originated from the Mn in substitutional sites or from
different locations in the matrix. As a first step, the spa-
cial origin of the Mn-related signal will be discussed as
it could either come from Mn within the wires or in the
metallic droplets located at the wire tip. It is possible to
estimate the ratio of the contributions of Mn in the tips
and in the wires by a simple argument. The total amount
of Mn deposited on the substrate is 1nm equivalent for a
total volume or 106 nm3 for region of 1 µm2. In the same
region SEM images exhibit droplets on the wires tip with
a radius of 15nm with a consequent volume of ≈ 14000
nm3 each. Considering that about 10 droplets/µm2 are
present on the images the amount of Mn in this phase
is 140*103 nm3 corresponding to about 14 % of the to-
tal Mn deposited on the considered region. This is too
low to be seen by EXAFS and the signal from Mn comes
predominantly from the metal contained in the wires.
From the EXAFS quantitative analysis it is clear that Mn
5in GaAs wires does not occupy substitutional sites. This
appears to be true independently of the growth process,
using Mn as the growth seed or doping the wires with
Mn during the growth of Au induced NWs. First of all
the first shell bond length is RMnAs = 2.59 A˚ , which is
appreciably longer than that reported for the substitu-
tional site in GaAs (RMnAs = 2.50 A˚ ). The particular
crystal structure of the NWs (Wurtzite) cannot explain
this difference. Indeed, in the commonly encountered ZB
structure, the elongation of the Mn-As bond, respect to
the Ga-As bond, is only about 2 %. In the WZ struc-
ture a similar modification of the interatomic distance
is to be expected because the chemical interaction be-
tween Mn and As is the same in the two cases. The
length of the GaAs bond in WZ GaAs, using the crystal-
lographic determination of Ref.38 ( Space Group P63MC,
lattice parameters a=3.912 A˚ , c=6.441A˚ , u=0.374), re-
sults to be RGaAs = 2.399 A˚ . Supposing the same ra-
tio for the RMnAs/RGaAs distances as in ZB, in WZ we
should have RMnAs = 2.45 A˚ i.e. a value well below
the observed data. On the other hand, the experimental
value is very close to the first shell distance in hexagonal
MnAs (RMnAs = 2.58 A˚ ). Similar values have been also
found in previous studies on Mn in GaAs24 and InAs25
NW obtained by using Mn as seed. In bulk samples this
value of bond length, associated to a coordination num-
ber Mn-As of about 2.5, was observed in MnAs-GaAs
digital alloys annealed at 550 ◦C28 and interpreted as due
to the formation of a precursor phase for MnAs particles.
Similar results on the Mn-As bond length are reported on
(Ga Mn)As alloys annealed at 600 ◦C39. The samples of
the present study are definitely different from those pre-
sented in Ref.30 and this is reasonably due to the higher
temperature used in their preparation (see Tab. I). The
low value of the coordination number (about 3 instead of
6) suggests that, rather than creating extended crystals
of the hexagonal phase, Mn forms small precursors of this
structure. A noticeable level of structural disorder pre-
vents the observation of the higher coordination shells,
in contrast to what previously observed in ZB-GaAs30.
Finally, the results for Au-induced and Mn-doped sam-
ples are discussed. Similarly to previous cases, the Mn-As
bond length is longer than expected for a substitutional
impurity. Moreover, Mn-Au bonds have been detected,
indicating the formation of an intermetallic compound
with evidence of chemical ordering via the presence of
collinear paths Mn-Au-Mn. The degree of ordering of
the alloy depends on the growth temperature, sample
grown at 580 ◦C exhibiting a marked chemical order-
ing. This affinity between Mn and Au suggests that Mn
participates to the wire growth process creating a super-
saturated alloy with Au in the head similarly to what
happens to Ga. For the considerations given above, it is
reasonable that islands of MnAu alloy remain in the NW
during the growth. A similar effect has been reported
in the preparation of ternary InxGa1−xAs NWs
40. This
might indicate a more general behavior, that is the par-
ticipation of impurity atoms to the growth process of the
nanowires.
Since a pure substitutional Mn site has not been observed
in the samples we have studied, it appears that growth
parameters different from the ones we have used must
be envisaged to dope III-V nanowires with Mn at a high
efficiency. The origin of the defective incorporation of
Mn is most probably the relatively high growth temper-
ature which is needed to produce NWs themselves; we re-
call indeed that only at lower temperatures Mn is found
in substitutional sites, for example in δ-doped Mn:GaAs
structures30. The presence of a minor amount of substi-
tutional Mn can not be ruled out from these data con-
sidering that the detection limit for the amount of such
a secondary phase against the dominating one can be es-
timated to be around 5 %. An important step in future
works will be the attainment of the NW growth at lower
temperatures that will presumably raise the fraction of
Mn in substitutional sites.
IV. CONCLUSION
The analysis of the atomic environment of Mn impu-
rities incorporated in GaAs nanowires has revealed that
Mn forms chemical bonds with As with a bond distance
of 2.56-2.58 A˚ . This value is longer than expected for
a substitutional site and is probably due to the occupa-
tion of defect sites that are the seeds for the formation of
hexagonal MnAs precipitates. This phenomenon is ob-
served both in Mn- or Au- induced nanowires where the
doping procedure is radically different. In the last case
the presence of MnAu intermetallic phase has been also
revealed by the presence of Mn-Au intermetallic bonds.
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